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Abstract Tipburn is a calcium related and environ-

mentally induced physiological disorder causing

economic damage in all lettuce (Lactuca sativa L.)

production regions. The objectives of this research

were to determine (1) the genetic variation for tipburn

incidence, (2) the genotype (G) 9 environment (E)

interaction (GE) for tipburn incidence, and (3) the

efficiency of field selection for tipburn resistance.

Tipburn incidence was recorded over 2 years in

Salinas, CA, and Yuma, AZ, for 55 romaine,

crisphead, green leaf, and red leaf type cultivars,

and over 3 years in Quebec for 15 romaine cultivars.

Analysis revealed that G, E, and GE affected tipburn

incidence, including crossover interactions that were

not repeatable over years. This indicates that cultivar/

breeding line evaluations should be based on mean

performance and stability over multiple environ-

ments. Among lettuce types, only crisphead had

significant genetic variability for tipburn resistance,

reflecting the greater breeding effort applied to this

type compared romaine, green and red leaf types.

Analysis of a dataset with five romaine cultivars in

eight environments in California, Arizona, and Que-

bec for 2 years revealed that Yuma in 2006 and

Saint-Blaise in 2005 were highly correlated

(r = 0.923, P \ 0.05), and were the most discrimi-

nating and most representative environments for

tipburn evaluation. Single plant selection for tipburn

resistance in three F2 romaine populations was

ineffective. Further, the degree of head closure was

significantly associated with tipburn incidence. Iden-

tification and selection of morphological characters

associated with resistance in conjunction with direct

selection against tipburn may be an effective method

for genetic improvement of tipburn resistance.

Keywords Lactuca sativa � Calcium deficiency �
Environmental stress � High temperature �
Physiological disorder � GGE biplot

Introduction

Modern lettuce cultivars, which are grown for their

vegetative parts, are mostly adapted to cultivation in

cool climates. Exposure of lettuce plants to high

temperatures during their vegetative phase can cause

physiological defects such as tipburn, a condition that

reduces the quality and shelf life of fresh and

minimally processed lettuce. Many packing companies
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will reject entire fields of lettuce with a tipburn

incidence greater than 5% because the symptoms are

unacceptable to consumers and may lead to subsequent

microbial rotting. Tipburn symptoms typically mani-

fest themselves in the few days prior to harvest, in

response to environmental conditions that are largely

unpredictable. Consequently, the economic damage to

growers and packing companies from tipburn can be

devastating.

Tipburn is a worldwide problem in lettuce produc-

tion. Identified as a localized Ca deficiency (Barta and

Tibbitts 2000; Thibodeau and Minotti 1969), tipburn

develops as a necrosis at the tip and margins of the

developing leaves. Symptoms arise when laticifers

swell, rupture, and release latex into the surrounding

tissue, causing collapse of parenchyma, occlusion of

xylem elements, and, ultimately, coagulation of latex

(Collier and Tibbitts 1982). Tipburn occurs even in

soils that are well supplied with Ca (Hartz et al. 2007).

The translocation of Ca from the roots to the shoots

occurs mainly by mass flow in the transpiration stream

through the xylem (Clarkson 1984), and the needs of

rapidly growing tissues are often not met. Further, the

immobility of Ca in the phloem and symplast prevents

the internal redistribution of Ca from older tissue, so

that developing tissues require continuous input of Ca

from the xylem (Clarkson 1984). Therefore, tipburn

will increase in conditions that (1) decrease transpi-

ration from the leaf surface, such as low air movement

(Goto and Takakura 1992), artificial or natural

enclosure of the leaves (Barta and Tibbitts 1986),

and high relative humidity during daytime (Collier

and Tibbitts 1982), or (2) promote rapid growth, such

as high temperatures (Cox et al. 1976; Misaghi and

Grogan 1978; Yanagi et al. 1983), high radiation

levels (Tibbitts and Rao 1968), long photoperiods

(Koontz and Prince 1986), and high fertilization levels

(Ashkar and Ries 1971).

Growing tissues and transpiring leaves are sinks

that independently affect Ca movement (Clarkson

1984). Highly transpiring leaves are dominant sinks

during the day, whereas growing tissues are dominant

sinks at night when transpiration is low. At night, Ca

moves predominantly towards growing tissues with

low rates of transpiration, such as the new leaves in

the head, which becomes a sink that unloads Ca

bound in the xylem or receives free Ca ions from sap

delivered by root pressure (Clarkson 1984). Root

pressure normally occurs at night when stomata

close, the atmospheric moisture deficit is low, and

soil moisture is not limited (Collier and Tibbitts

1982). In these conditions, water is absorbed by the

roots faster than it is lost by the leaves, and Ca moves

to all tissues, including those with a low potential for

transpiration. Therefore, tipburn will also increase in

conditions with lower root pressure, such as dry,

windy conditions, high soil salinity, and poor root

health (Collier and Tibbitts 1982; Cresswell 1991).

Management practices for controlling tipburn in the

field are limited. Foliar Ca sprays are often ineffective,

particularly at later stages of growth when the inner

leaves are difficult to reach (Collier and Tibbitts 1982).

Other techniques with potential, including misting the

plants during the night-time to reduce crop transpira-

tion (Cox and Dearman 1981) or during the day-time to

decrease temperature by evaporative cooling (Jenni

et al. 2008), have not been widely adopted by

commercial growers in lettuce crops due to high costs

and potential disease problems.

Since growers cannot control most of the environ-

mental factors involved in tipburn induction, breed-

ing for tipburn resistance seems the most appropriate

long-term solution. Breeding efforts for tipburn

resistance, particularly in crisphead lettuce, have led

to the release of less susceptible cultivars (Ryder and

Waycott 1998), but no cultivars are totally resistant

(Nagata and Stratton 1994). Screening for tipburn

resistance can be performed in the field or in

controlled environments, but the results are not

always consistent (Cox et al. 1976; Nagata and

Stratton 1994). This suggests a case of strong

genotype (G) 9 environment (E) interaction (GE),

with cultivars changing their relative susceptibilities

to tipburn according to the environment.

The development of tipburn-resistant cultivars in

lettuce remains one of the most challenging problems

in breeding programs. The objectives of this research

were to study variation in tipburn incidence in a wide

range of crisphead, romaine, and leaf lettuce cultivars

and to examine the effects of E and GE on this trait.

Materials and methods

Field experiments in California and Arizona

In Salinas, CA, and Yuma, AZ, 21 romaine, 17

crisphead, 11 green leaf, and 6 red leaf cultivars were
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direct seeded in field experiments over two growing

seasons as randomized complete block designs with

three blocks (Table 1). In all experiments, each plot

was 3 m long, consisted of two seed lines on a 1-m

wide bed, and was maintained using standard cultural

practices (Ryder 1999). Seed was germinated using

overhead irrigation, and the plants were subsequently

thinned to within-row spacing of 0.25 m. Preplant

fertilizer was applied in California (20 kg ha-1 N;

30 kg ha-1 P; 56 kg ha-1 K) and Arizona

(55 kg ha-1 N; 113 kg ha-1 P; 0 kg ha-1 K). Dur-

ing cultivation for weeds, sidedress applications of N

were applied in both locations. In California,

71 kg ha-1 N was applied immediately after thinning

and again 2–3weeks later. In Arizona, the experi-

ments were sidedressed three times with

22 kg ha-1 N, once immediately after thinning and

again 3 and 6 weeks after thinning. Field experiments

were irrigated as needed using overhead irrigation in

California and furrow irrigation in Arizona. Tipburn

was evaluated at harvest (Table 2) for each experi-

ment by thoroughly examining each leaf for tipburn

symptoms on ten heads (SAL05, SAL06, and

YUM05) or five heads (YUM06) per replication.

The incidence of tipburn was expressed as a

percentage of plants showing symptoms (Table 2).

A selection experiment was conducted in Salinas,

CA, with F2 plants derived from the crosses 01-1586-

2 9 ‘Green Towers’, 02-1286-1 9 ‘Darkland’, and

03-214-1 9 ‘Valmaine’. The numbered breeding

lines are tipburn susceptible romaines with resistance

to dieback, a disease caused by viruses in the

Tombusvirus family. Green Towers, Darkland, and

Valmaine are commercially available romaine culti-

vars. In a 2005 field experiment, F2 plants without

tipburn symptoms were selected along with a random

sample of F2 plants with tipburn symptoms. Selected

plants were allowed to self-pollinate, and the result-

ing F3 families were evaluated for tipburn incidence

in a 2006 field experiment planted as a randomized

complete block design with three blocks. In addition,

each family was evaluated for the degree of head

closure and rated as open, intermediate closed, or

completely closed. Production conditions were iden-

tical to the SAL05 and SAL06 experiments.

Field experiments in Quebec

Three- to four-week-old plants of 15 romaine lettuce

cultivars were transplanted with two blocks in nine

environments (i.e., on three commercial farm sites

over three growing seasons) (Table 1). Plots con-

sisted of double-row beds measuring 0.15 m high and

1.02 m wide in Saint-Blaise, 0.91 m wide in Napi-

erville and Sherrington, or according to the farm’s

current practices. Romaine lettuce plants were stag-

gered in double rows spaced 0.31 m to 0.36 m apart

and with within-row spacing of 0.28 m to 0.36 m,

resulting in population densities of 61,500 to

78,300 plants ha-1. All plots were overhead-irrigated

Table 1 Soil type, location in California, Arizona, or Quebec, year, and seeding, planting, and harvesting dates of lettuce fields for

cultivar evaluation

Site Soil identification Latitude, longitude Year Seeding date Planting date Harvest date Code

Salinas, Calif. Typic Argixerolls 36�670 N, 121�620 W 2005 26 May – 11 July SAL05

2006 20 Apr – 6 July SAL06

Yuma, Ariz. Typic Torrifluvents 32�730 N, 114�620 W 2005 14 Dec – 6 Apr YUM05

2006 12 Dec – 4 Apr YUM06

Saint-Blaise, Que. Typic haplohemists 45�110 N, 73�200 W 2005 15 May 11 July 11–12 Aug BLA05

2006 14 June 10 July 14–17 Aug BLA06

2007 14 June 11 July 16 Aug BLA07

Napierville, Que. Hemic haplohemists 45�80 N, 73�260 W 2005 18 May 15 June 20 July NAP05

2006 17 May 15 June 20 July NAP06

2007 23 May 19 June 27 July NAP07

Sherrington, Que. Limnic haplosaprists 45�070 N, 73�310 W 2005 8 June 5 July 5–8 Aug SHE05

2006 18 Apr 16 May 5–6 July SHE06

2007 17 Apr 14 May 23 July SHE07
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immediately after transplanting. Preplant N was

applied at a rate of 80 kg ha-1 in accordance with

commercial recommendations (Centre de référence

en agriculture et agroalimentaire du Québec, 2003).

Potassium and phosphorous were applied according

to soil tests and recommendations. Pest and disease

control was carried out according to standard proce-

dures (Ontario Ministry of Agriculture, Food and

Rural Affairs 2004). Plots containing 80 plants of

each cultivar were arranged in a randomized com-

plete block design with two replicates and were

surrounded by guard rows. At optimal maturity for

each cultivar, 20 plants per plot were randomly

harvested for evaluation. Each head was then exam-

ined for tipburn symptoms in order to evaluate the

incidence of the disorder and calculate the percentage

of plants with symptoms (Table 2).

Data analysis

Analysis of variance was conducted on the dataset

collected in California and Arizona, on the dataset

collected in Quebec, and on the common dataset with

cultivars evaluated for tipburn in all locations

(Table 2), in order to dissect the total variation into

G, E (year–site combinations), and GE. Tipburn

incidence, expressed as the percentage of plants with

symptoms, was arcsine-transformed before the anal-

yses, in order to satisfy homogeneity of variance and

normality assumptions. Analysis of GGE biplots (Yan

and Kang 2003) was conducted to visualize the

similarities among test environments in discriminat-

ing the cultivars, the ‘‘which-won-where’’ pattern, and

crossover GE, as well as the mean versus stability of

the cultivars. A GGE biplot is constructed from the

first two principal components derived from singular

value decomposition of environment-centered data.

The E main effect is removed, and the biplot contains

only G and GE, which are the two sources of variation

that must be considered in genotype and test environ-

ment evaluation. Correlation matrices between envi-

ronments were generated with the GGE biplot

software (version 5.4). The genetic variation for

tipburn incidence within the crisphead, romaine,

green leaf, and red leaf type cultivars was estimated

from the SAL05, SAL06, YUM05, and YUM06 data

using Restricted Maximum Likelihood (REML) using

the Proc Mixed procedure of SAS (2003, version 9.1).

A separate analysis was conducted for each lettuceT
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type, in a model with cultivar, E, block (E), and all

interactions as random effects. Estimates of genetic

variation between cultivars were tested for signifi-

cance from zero by running an additional analysis that

excluded the cultivar effect and by calculating like-

lihood ratios using the approach developed by Sexton

(2004). To compare F3 families from the selection

experiment for tipburn incidence, a chi-square statis-

tic was calculated from a contingency table compar-

ing tipburn frequency in F3 families derived from F2

plants with or without tipburn. Comparison of tipburn

incidence between F3 families with open, intermediate

closed, and completely closed plant types were

conducted in the same manner.

Results and discussion

Variation in tipburn resistance in Western regions

(California and Arizona)

Tipburn incidence was significantly (P \ 0.0001)

affected by E, G, and GE (Table 3). Of the total

(G ? E ? GE) variation in tipburn incidence, GE

accounted for the largest part, namely 40.8%, whereas

G and E accounted for 34.5% and 24.8%, respec-

tively. Principal components 1 and 2 in the GGE

biplot explained 77.9% of the GGE variation (Fig. 1a

and b). The Salinas environments were positively

correlated in 2005 and 2006 (r = 0.321, P \ 0.05,

N = 54), and the Yuma environments were positively

correlated in 2005 and 2006 (r = 0.419, P \ 0.01).

YUM06 was correlated with SAL05 (r = 0.458,

P \ 0.01) but not SAL06. YUM05 was not correlated

with any of the two Salinas environments. This

suggests inconsistency from site to site in the relative

performance of cultivars regarding tipburn and the

presence of crossover GE interaction. The concept of

crossover has important implications for the design of

a breeding program, given that a breeding program

involves identifying homogenous groups of environ-

ments with negligible crossover and targeting adapted

genotypes for each mega-environment. Gauch and

Zobel (1997) suggested that only the crossover

interaction involving the best cultivars are meaningful

in cultivar evaluation. The ‘‘which-won-where’’ biplot

Table 3 Analysis of

variance of tipburn

incidence (percentage of

plants with symptoms) in

54 cultivars of crisphead,

romaine, green leaf and red

leaf tested in four Salinas,

and Yuma environments, 15

romaine cultivars tested in

nine Quebec environments,

and five romaine cultivars

tested in eight Salinas,

Yuma, and Quebec

environments

Data were arcsine-

transformed before analysis
a Total sum of squares of

G, E, and GE;

GE = genotype 9

environment interaction

Source DF SS MS F P SS (%)a

54 cultivars of lettuce tested in 4 environments (Salinas and Yuma) in 2 years

Total 665 149.066

Genotype (G) 53 33.157 0.626 5.451 0.00001 34.5

Environment (E) 3 23.836 7.945 69.232 0.00001 24.8

GE 159 39.209 0.247 2.149 0.00001 40.8

Rep(E) 8 2.137 0.267 2.328 0.01859

Error 442 50.726 0.115

15 cultivars of romaine lettuce tested in 9 environments in Quebec in 3 years

Total 262 9.571

Genotype (G) 14 0.389 0.028 1.956 0.02684 5.0

Environment (E) 8 3.838 0.480 33.791 0.00001 49.4

GE 110 3.540 0.032 2.267 0.00001 45.6

Rep(E) 9 0.087 0.010 0.684 1

Error 121 1.718 0.014

5 cultivars of romaine lettuce tested in 8 environments (2 in Salinas, 2 in Yuma, 4 in Quebec) in

2 years

Total 108 27.470

Genotype (G) 4 1.136 0.284 3.096 0.02246 5.4

Environment (E) 7 16.726 2.389 26.047 0.00001 79.0

GE 28 3.320 0.119 1.293 0.20351 15.7

Rep(E) 12 1.059 0.088 0.962 1

Error 57 5.229 0.092
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clearly points out whether a single genotype is the

winning cultivar in all environments, or whether there

are different winning cultivars in different test envi-

ronments (Yan and Kang 2003). Cultivars furthest

away from the biplot origin are connected with a line

that forms a polygon confining all cultivars (Fig. 1a).

Starting from the biplot origin, lines drawn perpen-

dicular to each side of the polygon will separate the

test environments into groups or mega-environments,

each having a ‘‘winning’’ cultivar at the corresponding

extreme. The ‘‘winning’’ cultivar normally has the

highest nominal value for the trait. Since higher

values of tipburn incidence were less desirable, the

scale was reversed in the ‘‘which-won-where’’ biplot

in order to show higher ‘‘winning’’ values as an

expression of resistance rather than susceptibility

(Fig. 1a). Therefore, the ‘‘which-won-where’’ biplot

for lowest tipburn incidence (reverse scale) revealed

that the environments fell into three sectors. One

major sector represented two environments (SAL05

and YUM05) where ‘Silverado’ had the lowest

tipburn incidence, a second represented one environ-

ment (SAL06) where ‘Pacific’ had the lowest tipburn

incidence, and a third represented one environment

(YUM06) where ‘Siskyou’, followed by ‘Red Fox’,

showed the most resistance to tipburn. The existence

of different mega-environment must be validated by

multi-year data (Yan and Kang 2003) to avoid the

deployment of limited resources across sub-regions.

Since the crossover pattern was not repeatable over

years and plantings, the two locations, Salinas and

Yuma, were considered to belong to the same

complex mega-environment with unpredictable GE.

Moreover, the existence of significant GE not asso-

ciated with specific locations suggests that differences

between years and growing seasons are an important

cause of GE for tipburn. Therefore, breeding and

cultivar evaluation should be based on mean perfor-

mance and stability from experiments across several

growing seasons.

The average–environment coordination (AEC)

view of the GGE biplot ranks the cultivars according

to the mean performance along the AEC abscissa (red

line), the arrow pointing towards greater values for

the trait (greater tipburn incidence) across environ-

ments (Fig. 1b). The AEC ordinates (blue line) point

towards greater variability in either direction. For

example, Silverado (Sil) not only had the lowest

tipburn incidence among all cultivars but also was

highly stable across test environments. Cultivars on

the right side of the AEC ordinates have above-

average tipburn incidence, whereas those on the left

side have below average values. Most of the crisp-

head type cultivars (79%) had average or below

average tipburn incidence (higher resistance),

whereas the romaine, red leaf, and green leaf types

had 29, 33, and 50% of cultivars with average or

below average tipburn incidence, respectively.

Among the romaine types, the cultivar Siskyou

showed the highest resistance to tipburn, particularly

A

B

Fig. 1 a The ‘‘which-won-where’’ view of the GGE biplot

showing which lettuce genotypes performed best in which

environments in terms of lowest tipburn incidence (percentage

of plants with symptoms) on a reverse scale as indicated by the

underlined sites, and b the average–environment coordination

(AEC) view showing the mean performance and stability of the

lettuce cultivars for tipburn incidence (percentage of plants

with symptoms). Label colors refer to lettuce types: crisphead

in black, romaine in blue, green leaf in green, and red leaf in

red. Principal components 1 (PC1) and 2 (PC2) in the GGE

biplot explained 52.7 and 25.2% of the GGE variation,

respectively, for a total of 77.9%
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in the Yuma location, followed by Clemente which

was very stable across all environments (close to the

red line). For the red leaf types, the cultivar Red Fox

showed the highest resistance, particularly in the

Yuma locations, followed by Red Tide, a cultivar

more stable across locations. In the green leaf

cultivars, Big Star followed by Shining Star, showed

the highest resistance, particularly in the Salinas

locations. The ranking of the crisphead cultivars

showing the most tipburn resistance was as follows:

Silverado (stable across all locations), Pacific (in the

Salinas locations), Diamond (stable), Gabilan (sta-

ble), Tiber (stable), Salinas (stable), Head Master

(stable), Sniper (stable), Navajo (in Yuma locations).

Variation in tipburn resistance in Eastern regions

(Quebec)

In tests of 15 romaine lettuce cultivars in nine

environments over 3 years, tipburn incidence was

significantly affected by E (P \ 0.0001), G

(P \ 0.005), and GE (P \ 0.0001) (Table 3).

Whereas E (49.4%) and GE (45.6%) accounted for a

large part of the total variation in tipburn incidence, G

accounted for only 5.0% (Table 3). The first two

principal components in the GGE biplot explained

68.0% of the variation in GGE (Fig. 2). Only

three of the nine environments were distinctively

discriminating with regards to tipburn expression,

namely BLA05, NAP05, and BLA07 (Fig. 2a), and

none of these environments was significantly corre-

lated with any of the others (Table 4). Significant

correlations were identified among less discriminating

environment (BLA06 v. SHE07, BLA07 v. NAP06,

and BLA07 v. SHE05) (Table 4). The ‘‘which-won-

where’’ view of the biplot based on the reverse scale

revealed a sector with BLA05 where the cultivar

Turbo Cos had the lowest tipburn incidence, a sector

with NAP05 and SHE06 where ‘Amadeus’ had the

lowest tipburn incidence, and a sector with BLA07

and SHE05 where ‘Rome 37’ had the lowest tipburn

incidence (Fig. 2a). This suggests strong crossover

GE, with different cultivars having the lowest tipburn

incidences in different environments. However, cross-

over patterns were not repeatable across years, and

cultivars should be selected based on both mean and

stability with regards to tipburn resistance. The

ranking of the romaine lettuce cultivars along the

AEC abscissa of the GGE biplot (Fig. 2b) revealed

that Amadeus, Challenger and Sunbelt showed low

and stable tipburn incidence, whereas Turbo Cos,

Panther and Triton had below-average tipburn inci-

dence but unstable performance depending on the test

environment. On the other end of the range, ‘Parris

Island Cos’ (PIC) and ‘PIC Select’ showed the highest

tipburn incidence.

A B

Fig. 2 a The ‘‘which-won-where’’ view of the GGE biplot

showing which of the 15 lettuce cultivars performed best in

which environments (three sites in 3 years) in Quebec in terms

of lowest tipburn incidence (reverse scale as indicated by the

underlined sites), and b the average–environment coordination

(AEC) view showing the mean performance and stability of the

cultivars. Principal components 1 (PC1) and 2 (PC2) in the

GGE biplots explained 48.5 and 19.5% of the GGE variation,

respectively, for a total of 68.0%
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Variation in tipburn resistance in both Eastern

(Quebec) and Western (California and Arizona)

regions

In tests of five romaine cultivars in eight diverse

environments over 2 years, the effect of E was

significant (P \ 0.0001) and made by far the most

important contribution (79.0%) to the total variation

in tipburn incidence (Table 3). Genotype contributed

a small (5.4%) but significant (P \ 0.05) proportion

of the total variation in tipburn incidence, and the

lack of significant GE indicated that there was no

significant change in the ranking of the cultivars in

these largely diverse environments. The analysis of

this dataset suggests that cultivar evaluation can be

conducted in any single test environment, although

this conclusion likely results from the small amount

of genetic variation present in these cultivars. The

environment–vector view of the GGE biplot (Fig. 3a)

showed that YUM06 and BLA05 were correlated

(r = 0.923, P \ 0.05) and were the most discrimi-

nating (longest vector) and most representative

(closest to the average tester coordination) environ-

ments for tipburn evaluation. Although there was

small but significant variability in tipburn resistance

among the tested cultivars, their ranking was fairly

Table 4 Correlation matrix among nine environments in Quebec, where 15 cultivars of romaine lettuce were tested for tipburn

incidence in 2005, 2006, and 2007

BLA05 BLA06 BLA07 NAP05 NAP06 NAP07 SHE05 SHE06

BLA06 0.019

BLA07 -0.443 -0.354

NAP05 0.141 -0.186 -0.029

NAP06 -0.108 0.062 -0.497* -0.227

NAP07 0.304 0.262 -0.215 0.051 -0.061

SHE05 -0.367 -0.261 0.609** 0.104 -0.174 -0.123

SHE06 0.107 0.289 0.188 0.35 -0.226 -0.121 0.022

SHE07 -0.26 0.783** -0.244 -0.315 0.203 0.181 -0.18 -0.169

Testing sites were Napierville (NAP), Saint-Blaise (BLA), and Sherrington (SHE)

*, ** Indicate significance at P \ 0.05 or 0.01, respectively

A B

Fig. 3 a The environment–vector view of the GGE biplot

showing relationships among eight test environments (two in

Salinas, two in Yuma, and four in Quebec) in discriminating

five cultivars of romaine lettuce for tipburn incidence

(percentage of plants with symptoms), and b the average–

environment coordination (AEC) view showing the mean

performance and stability of the cultivars. Principal compo-

nents 1 (PC1) and 2 (PC2) in the GGE biplot explained 64.2

and 18.4% of the GGE variation, respectively, for a total of

82.6%. In the lower right corner, the environments YUM06

and BLA05 were closely correlated and overlapping
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consistent with the ranking obtained previously in

Salinas and Yuma (Fig. 1b) and in Quebec (Fig. 2b).

Across all environments, ‘Triton’ had the lowest

tipburn incidence and ‘PIC’ had the highest (Fig. 3b).

None of the cultivars showed stability in its perfor-

mance across all environments.

Genetic variation within lettuce types

Among the lettuce types evaluated in this work, the

crisphead type showed the greatest genetic variation

for tipburn resistance, reflecting the strong breeding

effort applied to this type compared to the romaine,

green leaf or red leaf types. The Restricted Maximum

Likelihood estimate of genetic variation from SAL05,

SAL06, YUM05, and YUM06 in the crisphead

population was 0.3272, which is significantly differ-

ent from zero (P \ 0.0001). Estimates of genetic

variation in the romaine (0.09387), red leaf (0.3342),

and green leaf (0.1076) types were not significantly

different from zero (P [ 0.05). However, the small

sample sizes of the red leaf (six cultivars) and green

leaf (11 cultivars) types make these estimates less

reliable. Considering all the experiments, only when

all types of lettuce cultivars were included in the

biplot analyses did G account for a large portion of

the variation (34%) in GGE; in contrast, G contrib-

uted a small portion (5%) in the analysis with

romaine cultivars only (Table 3). These results sug-

gest that the romaine and leaf type cultivars evaluated

here, if used as parents in a breeding program, would

be unlikely to develop populations with sufficient

genetic variation to allow selection of new cultivars

with substantially improved tipburn resistance.

Lettuce cultivars, which are inbred lines derived

through self-pollination, are commonly developed

using variations of the pedigree breeding method.

Selection of tipburn resistant cultivars is typically

practiced by selecting away from plants and lines that

exhibit tipburn symptoms. Currently available tip-

burn-resistant iceberg cultivars were developed with

this approach (Ryder and Waycott 1998). In a

selection experiment using three romaine x romaine

F2 populations, selection of F2 plants without tipburn

symptoms did not improve tipburn resistance in the

resulting F3 families when compared to F3 families

derived from a random selection of F2 plants with

tipburn symptoms (Table 5). Therefore, single-plant

selection in these romaine x romaine populations was

not an effective breeding strategy. Differences in

tipburn incidence were observed among F3 families

(range 17–96% tipburn), although this variation was

closely associated with plant architecture. Families

with open tops had nearly half the incidence of

tipburn as compared to completely closed heads

(Table 5). Genotype 9 environment interaction (for

tipburn resistance and head closure) and lack of

genetic variation for tipburn resistance are likely

contributors to the failure of this breeding effort.

A better understanding of the factors promoting

the development of tipburn can support the develop-

ment of a breeding strategy for tipburn resistance and

might identify target characters for selection in

segregating populations even in the absence of

tipburn-conducive conditions. It is well established

that tipburn is a Ca-related disorder (Thibodeau and

Minotti 1969). Tissue collapse in cells with low Ca is

likely to be a result of a weak cell wall structure

(Collier and Tibbitts 1982). Two processes are

important to the maintenance of adequate Ca levels

in the young growing leaves: Ca uptake by the root,

and Ca transport through the plant. Most Ca uptake is

confined to the root tip and does not occur in the more

mature areas of the root where the endodermis is

suberized. Root growth of lettuce sharply decreases

2 weeks before maturity, during the heading phase

Table 5 Percentage of plants with tipburn symptoms in 56 F3

romaine families grown in a 2006 field experiment in Salinas,

CA, with open, intermediate closed, or completely closed

heads and derived from field-grown F2 plants with or without

tipburn symptoms from three crosses

Treatment Number

of F3

families

Number

of plants

evaluated

Percentage

tipburn

F2 selection group

No tipburn 31 840 67.5

With tipburn 25 706 67.6

Total 56 1546 67.5

v2, 1 df 0.0 (P = 1.0)

Head closure

Open 9 277 38.3

Intermediate closed 4 105 56.2

Completely closed 43 1214 74.0

Total 56 1596 67.5

v2, 2 df 177.4

(P \ 0.0001)
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when most of the shoot biomass is produced (Cox

1980). Breeding strategies for tipburn resistance

should include developing cultivars with an extensive

root system, which is likely to favor Ca uptake from

the soil. Cox (1980) reported more root growth in a

lettuce cultivar partially resistant to tipburn than in a

very susceptible cultivar.

Calcium moves in the xylem by transpirational

flow and accumulates in free-transpiring tissue

(Marschner 1974). In head-type lettuce, the inner

leaves become progressively enclosed, and their

transpiration rate decreases to a point where it is

negligible. Enclosed leaves contain less Ca than the

outer leaves (Barta and Tibbitts 1986), which may

contribute to increased tipburn in lettuce types with

enclosed leaves. In this paper, crisphead lettuce

cultivars tended to have less tipburn than other

open-headed type lettuce, likely as a result of a

stronger breeding effort (Waycott and Ryder 1992).

Selecting romaine lettuce with late closing of the

head near maturity may contribute to lower tipburn

incidence. For crisphead-type lettuce, selecting

plants with fewer frame leaves and less exposed

leaf area for transpiration may favor root pressure

flow and the movement of Ca in the inner, less-

transpiring leaves. Since rapid growth has been

associated with tipburn, slower maturity may be a

trait that should be promoted in a breeding program.

This would also give growers time to harvest their

crops before full maturity and before tipburn

develops in conditions highly conducive to the

disorder. Selecting plants with modified architecture

(late closing of romaine heads and fewer frame

leaves in iceberg), extensive root growth, and slower

growth rates may reduce tipburn incidence, but

could leave growers vulnerable to other problems.

For example, fewer frame leaves could leave heads

exposed to sun scald, fringe burn, rib discoloration

and certain disease which would normally be only a

nuisance. Later maturing cultivars would not be

advantageous for growers planning multiple crops

each growing season.

Screening advanced breeding lines and cultivars to

select adequate levels of tipburn resistance across

diverse environments continues to be an important

objective for lettuce improvement programs, and this

paper demonstrates the need for widespread multi-

location trials to achieve this goal. Little is known

regarding effective methods for selection in early

segregating generations to increase tipburn resis-

tance, although selection for morphological charac-

ters such as vigor, head closure, root growth, and the

number of frame leaves is a possible approach. An

understanding of the inheritance of these characters,

their GE, and their correlation with tipburn incidence

is needed to determine the validity of this breeding

approach. Enhancement of leaf and romaine germ-

plasm for better tipburn resistance is needed, partic-

ularly in the popular romaine type. A lack of genetic

variation for tipburn resistance may be an obstacle to

achieving this goal with romaine cultivars. Therefore,

creating intertype iceberg–romaine crosses to intro-

gress tipburn resistance from iceberg cultivars into

the romaine gene pool may be an effective approach

to achieve this goal.
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